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ABSTRACT: The synthesis and characterization of a
molecular tetrapod, SFBTD, featuring a tetraphenylsilane
center and four identical conjugated arms, which structurally
resembles breakwaters in common wave-reducing shore
constructions, are reported. Cyclic voltammetry reveals that
SFBTD has a medium band gap of ca. 2.0 eV and a low-lying
HOMO energy level at ca. —5.2 eV. Absorption spectroscopy,
X-ray diffraction, and differential scanning calorimetry experi-
ments reveal a low degree of crystallinity in this compound and
slow crystallization kinetics. Bulk heterojunction organic
photovoltaics (OPVs) employing SFBTD and fullerene
derivatives exhibit power conversion efficiencies (PCEs) up
to 1.05% and open-circuit voltage (V) values as high as 1.02

V. To the best of our knowledge, this is the highest PCE obtained for OPVs employing molecular tetrapods as donor materials.
These devices are relatively thermally stable due to the known ability of breakwater tetrapods to interlock, preventing dislodging
and sliding. The lack of favorable phase separations and low hole mobilities of the blend films are the major factors limiting the
device performance. Ternary blend devices by the addition of three low band gap poly(thienylene vinylene) (PTV) derivatives
were fabricated and tested. We found that the added PTVs acted to be either the major hole conductor or a competing hole
conduction channel depending on the HOMO level positions relative to that of SEBTD. Some of the ternary OPV devices out-
performed the corresponding binary counterparts employing SFBTD or PTVs alone, suggesting cooperative effects in the ternary

systems.
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B INTRODUCTION

Among various types of alternative renewable energy sources,
organic photovoltaics (OPVs) are considered as a promising
low-cost candidate." Current research in OPVs has been
dominated by conjugated polymers (CPs) due to the versatility
in structure—property variations, thin film forming ability, and
amenability to low-cost, large throughput fabrication techni-
ques.”~* Bulk heterojunction (BHJ) polymer solar cells (PSCs)
with power conversion efficiencies (PCEs) over 10% have now
been achieved in recent years.”~'* However, the cross-coupling
reactions employed in CP syntheses are typically step-growth
polymerization techniques that result in large distribution of
molecular weights and frequently in structural defects. Besides,
variations are common in CP synthesis from different batches
and even different laboratories, which further limit mass
production and device improvement.

In recent years, many conjugated small molecules have been
applied in OSCs. Compared with their polymeric counterparts,
small molecules are more repeatable in synthesis and offer
unique fabrication methods such as vacuum deposition.
Furthermore, the crystalline nature of conjugated small
molecules often leads to high charge conductivities."* ™' Such
attributes have drawn significant investigation and sustainable
efforts toward the development of conjugated small molecules
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BHJ OSC devices, the PCEs of which have been steadily
improved to rival those of PSCs.”*™*’

Current research on small molecule OPVs has been mainly
focused on conjugated chromophores having linear structures
containing multiple aromatic moieties in series. Charge
transport through such one-dimensional (1-D) structures is
expected to be anisotropic and very sensitive to molecular
packing and crystallinity of the molecules. Furthermore, the
high crystalline nature of linear molecules often leads to uneven
thin films possessing large grain boundaries, which unfavorably
impact device performances. Small molecules possessing three-
dimensional (3-D) geometries, on the other hand, have
received relatively little attention.”' Due to the isotropic and
symmetrical structures, increased absorption cross sections and
more extensive percolating pathways for charge transport in
these molecules are expected. Among 3-D molecules, molecular
tetrapods are especially intriguing since these breakwater-like
structures are able to mutually interlock to prevent dislodging,
potentially leading to improved device stability.”"**
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Examples of molecular tetrapods in OPV applications have
been scarce. In 2006, Roncali and co-workers reported the first
two examples of molecular tetrapods applied in OPVs.*® These
tetrapods contain a silicon center and four terthiophene arms
end-capped, respectively, with alkyl and thioalkyl moieties
arranged in space in tetrahedral fashion. The OPV perform-
ances of these tetrapods were relatively poor, which the authors
ascribed to the large band gaps of these molecules. Kose and
co-workers also synthesized a medium band gap molecular
tetrapod by attaching four linear push—pull type chromophores
containing benzothiadiazole (BTD) units to a silicon center.*
They found larger charge mobilities in these tetrapods over
those of their linear analogues in disordered media, which they
attributed to the high dimensionality of tetrapods. We have
recently reported a stable breakwater-like tetrapod SO (Scheme
1) composed of a silane center and four arms containing a

Scheme 1. Structures of SO and MO
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phenyl ring and a terthiophene group functionalized with
cyanoester side chains.”> We found that SO was extremely
difficult to crystallize and no phase separations could be
observed in blend films of SO with the common electron
acceptor PC¢;BM ([6,6]-phenyl-Cg,-butyric acid methyl
ester).”” Surprisingly, we also found that the linear model
compound MO (Scheme 1) possessed similarly slow
crystallization kinetics, from which we speculated that the
structure of each of the SO arms is the intrinsic reason that
causes the slow crystallization behavior. Nevertheless, among all
the above examples, the 3-D tetrapodal donor materials always
out-performed the corresponding 1-D linear 7-conjugated arms,
which mainly resulted from the isotropic optical and charge-
transporting properties associated with the 3-D geometry.
Since our previous studies on SO and MO indicate that the
slow crystallization behavior in the tetrapod may intrinsically
originate from each of its arms, we conjecture that we may be
able to increase the crystallization kinetics of these tetrapods by

removing the alkyl side chains in the middle of each arm and by
using more rigid and planar electron-accepting moieties such as
the fluorinated benzothiadiazole (FBTD) units. Meanwhile, the
attachment of fluorine atoms to conjugated frameworks can
potentially lead to increased internal dipole moments, which
provides extra driving forces to induce phase separations within
the blend films.>*™® Furthermore, the strongly electron-
withdrawing effects of fluorine atoms can lower the energies
of both the frontier orbitals (HOMO and LUMO) without
significantly affecting the band gaps of conjugated molecules.”
Therefore, increased open-circuit voltage (Voc) values are
expected due to the deepened HOMO levels without changing
the desired light-harvesting properties.” We report herein a
stable molecular tetrapod, SFBTD, containing a tetraphenylsi-
lane center and four arms composed of one FBTD and three
thiophene units. SFBTD shows excellent thermal stability and
solution processability, strong absorption in a broad spectral
range, and frontier energy levels matching those of fullerene
acceptors. BHJ OPVs based on SFBTD/PCyBM without any
additives and interfacial engineering exhibit PCEs as high as
1.05% with high V¢ values up to 1.02 V. To the best of our
knowledge, this is the highest PCE reported for OPV devices
using molecular tetrapods as donor materials.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Synthetic details for the
molecular tetrapod SFBTD, and the linear model compound
MEBTD, are summarized in Scheme 2 and included in the
Supporting Information (SI). Compound 9 was synthesized
according to previously reported procedures.”> Compound 10
was prepared from 9 through Suzuki coupling reactions with
bis(pinacolato)diboron. Compounds 9 and 10 can conven-
iently serve as common cores for constructing different 3-D
molecular tetrapods by grafting with different arms. After
Suzuki coupling reactions of 10 with 4 equiv of 8, SFBTD was
obtained by column chromatography and shows excellent
solubility in common processing solvents such as CHCI,,
tetrahydrofuran (THF), and nonpolar aromatic solvents. The
2-hexyldecyl side chains on SFBTD are necessary to ensure
solubility of the tetrapod, since initial attempts at preparing
SFBTD analogues without alkyl side chains and with linear
alkyl side chains all failed due to precipitation of reaction
intermediates. 'H and ">*C NMR spectroscopy were employed
to characterize the newly prepared compounds, which match
well with expected structures (SI). The tetrapodal structure of
SFBTD was confirmed by high-resolution mass spectrometry
(HR-MS), giving a measured molar mass of 2825.7766 [M*]
that matches reasonably well with the calculated value of
2824.9255 [M*]. The slightly larger than expected discrepancy
is presumably caused by the significantly lower molar mass of
the calibration standard applied (cholesterol, m/z = ca. 369). In
order to supplement the HR-MS experiments, we have also
performed elemental analysis on SFBTD, giving measured
elemental contents of C, H, N at 67.95, 6.54, and 3.75%,
matching well with the calculated values at 67.95, 6.27, and
3.96%, respectively.

We employed UV—vis absorption and fluorescence spectros-
copies to investigate the electronic properties of SFBTD and
MFBTD in both dilute solutions and as thin films (Figure 1).
Chlorobenzene solutions (10~ M) of SFBTD and MFBTD
exhibit almost identical absorption profiles that are structureless
with two major transition peaks at ca. 504 and 384 nm, and
indistinguishable fluorescence spectra with 4.,,’s at ca. 620 nm.
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Scheme 2. Synthesis of SFBTD and MFBTD
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The emission quantum efficiencies of SFBTD and MFBTD are
calculated to be also similar, at ca. 3.4% and ca. 4.1%,
respectively. The similarity in solution optical properties
between SFBTD and MFBTD suggests that the four
conjugated arms of SFBTD have negligible electronic
communications. We assign the electronic transition at 504
nm to intramolecular charge transfer (ICT) transition and the
other at 384 nm to largely 7—z* transition mixed with certain
degrees of ICT character. We base these assignments on time-
dependent density functional theory (TD-DFT) calculations as
shown in Figure S1. The geometry optimization was performed
on MFBTD, with a methyl group replacing the long alkyl side
chain, applying the B3LYP functional with the 6-31G* basis set
in Gaussian 09."' TD-DFT was performed on the optimized
geometry only using the same functional and basis set. Two
bright singlet states, namely, S1 and S3, having transition
energies at 2.07 and 3.02 eV, which correspond to transitions
from HOMO to LUMO and HOMO to LUMO+1 orbitals,
respectively, are found. The S1 state clearly has charge transfer
characteristics with hole density delocalized throughout the
entire chromophore, while the electron density is mainly
localized at the electron-poor FBTD unit. The S3 state, on the
other hand, possess largely 7—7* character with large overlap
between the hole and electron densities. From the simulated
absorption spectrum, the S3 state transition energy more
closely matches that of the absorption peak at 384 nm (3.02 eV
vs 3.22 eV), while the S1 state transition energy is much lower
than observed (2.07 eV vs 2.46 eV), since TD-DFT is known to
be problematic in estimating energies of charge transfer states."”

The extinction coefficient (&) of SFBTD is calculated to be
ca. 1.3 X 10° L mol™ cm™ based on concentrations of the
molecular tetrapod, corresponding to an & = 3.3 X 10* L mol™
cm™! for each of its arms. MFBTD, on the other hand, displays
an £ = 2.8 X 10* L mol™' cm™ in solution. The seemingly
stronger absorption observed for SFBTD, on per arm basis, is
presumably caused by its more isotropic structure and thus
larger absorption cross section.” As expected from the different
molecular geometries, thin films of SFBTD and MFBTD
display largely different electronic properties. Neat thin films of
SFBTD show a A,,,, at ca. 525 nm, slightly red-shifted by 25 nm
when compared with that of the solution profile. This red shift
is likely a solid state phenomenon in which the conjugated
chains become slightly more planar due to packing interactions,
thus leading to longer conjugation lengths and lower transition
energies. When excited at the 4., SFBTD thin films show very
weak fluorescence and a 4, at ca. 650 nm, giving a large
Stoke’s shift of 125 nm. Interestingly, the two major electronic
transitions of MFBTD are both blue-shifted in thin films. The
ICT peak shifts to 457 nm, and a shoulder peak at ca. 550 nm is
observed that matches well with the ICT transition of SFBTD
thin films. We conjecture that MFBTD behaves similarly to
SFBTD in the solid state and, due to its linear shape, MFBTD
can form H-type aggre§ates, leading to the observed blue shift
in absorption spectra.”’ Emission of MFBTD films is thus
expectedly quenched to a large extent, and only a weak
fluorescence peak can be seen at ca. 660 nm. The optical band
gaps of SFBTD and MFBTD are thus estimated from the
absorption edges to be both ca. 2.2 €V in solutions and 2.0 eV
in thin films, respectively.
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Figure 1. UV—vis absorption (left axis) and emission (right axis)
spectra of (A) SFBTD and (B) MFBTD in chlorobenzene solutions
(107> M, solid lines) and as thin films (dashed lines).

The frontier energy levels and band gaps of SFBTD and
MEFBTD in solutions and thin films are estimated through
cyclic voltammetry (CV). The recorded voltammograms were
referenced externally to ferrocene (Fc) redox couple (—4.80
eV). As depicted in Figure S2, very similar redox behaviors of
both SFBTD and MFBTD are observed in both solutions and
thin films. In solutions, two quasi-reversible oxidation waves
with onsets at ca. 0.4 and 0.9 V for SFBTD and at ca. 0.5 and
0.8 V for MFBTD are observed. Two quasi-reversible reduction
peaks with onsets at ca. —1.6 and —2.1 V are recorded for both
SFBTD and MFBTD. From onsets of the first oxidation and
reduction waves, the HOMO and LUMO levels of SFBTD are
estimated to be —5.2 and —3.2 eV, while the HOMO and
LUMO levels of MFBTD are estimated to be —5.3 and —3.2
eV, respectively. Therefore, electrochemical band gaps of 2.0
and 2.1 eV are calculated for SFBTD and MFBTD,
respectively, agreeing reasonably well with UV—vis measure-
ments. In thin films, four irreversible oxidation waves and three
quasi-reversible reduction waves are observed for both SFBTD
and MFBTD. The onsets of first oxidation and reduction waves
are located at ca. 0.7 and —1.3 V for SFBTD and at ca. 0.6 and
—1.4 V for MFBTD, respectively. The HOMO and LUMO
levels of SFBTD in the solid state are thus estimated,
respectively, at —5.5 and —3.5 eV, while the HOMO and
LUMO levels of MFBTD are calculated to be —5.4 and —3.4
eV, respectively. Thus, electrochemical band gaps of both
SFBTD and MFBTD thin films are calculated as 2.0 eV,
matching well with UV—vis measurements.

We employed differential scanning calorimetry (DSC)
measurements to investigate the thermal properties of
SFBTD and MFBTD, and the results are displayed in Figure
2. Unlike the slow crystallization kinetics observed for the
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Figure 2. Differential scanning calorimetry (DSC) histograms of
MFBTD at 10 °C/min (solid line), and of SFBTD at scanning rates of
10 °C/min (short dashed-dotted line) and at 1 °C/min (dotted line).
Second heating and cooling curves are shown.

similar model compound MO we reported previously” and for
a structurally twisted linear conjugated small molecule reported
by Bazan et al,** MFBTD shows much enhanced crystallinity.
At the typical heating/cooling rate of 10 °C/min, MFBTD
displays two melting peaks at ca. 46 °C and ca. 115 °C in the
heating curve and two crystallization transitions at ca. 28 °C
and ca. 108 °C upon cooling. In the case of SFBTD, however,
we observed an exothermic peak at ca. 150 °C and one melting
transition at ca. 183 °C during heating events and no thermal
transitions during cooling. On the other hand, when we
reduced the heating/cooling rate to 1 °C/min, we observed the
crystallization transition only in the cooling curves at ca. 140
°C, suggesting slow crystallization rates of SFBTD. As a result,
the slow crystallization kinetics of SFBTD, as well as that of
SO, is most likely caused by their 3-D molecular geometry and
not intrinsically by the nature of the constituting arms as we
previously speculated. We further confirmed such solid-state
characteristics of SFBTD and MFBTD by using X-ray
diffraction (XRD) experiments on thin films drop-cast onto
glass substrates from chlorobenzene solutions, as shown in
Figure S3. No obvious scattering peaks are observed in the thin
films of SFBTD, whereas, in the thin films of MFBTD, we
observed two sharp scattering peaks at 26 values of ca. 2.8° and
3.2° corresponding to d-spacings of ca. 3.2 and 2.8 nm,
respectively. This indicates that MFBTD exhibits better
crystallinity and more ordered solid-state packing than
SFBTD, as found in our DSC studies.

Binary Blend Devices. We first fabricated BH] OPV
devices by adopting conventional device geometries: ITO/
MoO; (10 nm)/active layer/Al (100 nm). The active layer was
prepared by spin-coating the chloroform blend solution of
SEBTD or MFBTD with PC4BM at predetermined weight
ratios. Optimization of OPV devices was thoroughly inves-
tigated by changing the thermal annealing temperature, and the
best condition was found to be thermal annealing at 80 °C for
15 min. Photovoltaic performances of devices by representative
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Table 1. Summary of Device Performance Data of Organic Solar Cells Employing SFBTD and MFBTD under Various

Fabrication Conditions”

ratios” Voc (V)

SFBTD/PC4,BM 2.5/7.5 0.87 + 0.04 (0.90)

2.5/10.0 0.88 + 0.03 (0.92)
2.5/12.5 0.85 + 0.01 (0.86)
MFBTD/PCg,BM 2.5/2.5 0.74 + 0.02 (0.77)
2.5/5.0 0.85 + 0.01 (0.86)
2.5/7.5 0.79 + 0.02 (0.81)

Jsc (rnA/cm’“)
2.84 + 0.17 (3.09)
3.64 + 0.17 (3.86)
246 + 0.11 (2.62)
1.15 + 0.13 (1.41)
2.41 + 0.10 (2.61)
1.17 + 0.15 (1.29)

FF (%)
30 + 0.89 (31)
33 + 1.83 (35)
31+ 042 (32)
27 + 0.97 (28)
27 + 035 (27)
28 + 0.56 (28)

PCE (%)
0.74 + 0.04 (0.81)
1.05 + 0.06 (1.11)
0.66 + 0.02 (0.69)
023 + 0.02 (0.28)
0.55 + 0.03 (0.58)
025 + 0.03 (0.28)

“Thermal annealing at 80 °C for 15 min. Averages of five individual cells are reported; the highest values are given in parentheses. b All ratios by

weight.

Figure 3. Optical micrographs (400X magnification) of thin films of SFBTD (A—C), MFBTD (G-I), and corresponding PC¢,BM blend films
(D—F and J—L) under different thermal annealing conditions. Scale bars in all: 20 ym.

fabrication conditions are summarized in Table 1, and the
optimized devices’ current density—voltage (I-V) curves are
depicted in Figure S4. Under optimized fabrication conditions,
devices from SFBTD consistently out-perform those using
MFBTD. SFBTD and MFBTD devices gave open-circuit
voltage (V) values up to 0.88 and 0.85 V, respectively, which
are relatively high values among OPVs. Meanwhile, Vs of
both SFBTD and MFBTD devices are relatively insensitive to
the donor/acceptor weight ratios. Devices employing SFBTD/
PC¢BM at a weight ratio of 1/4 and MFBTD/PC4BM at a
weight ratio of 1/2 give the best performance. The best SEBTD
device has a short-circuit current (Jsc) of 3.64 mA/cm? a fill
factor (FF) of 33%, and the PCE of ca. 1.05%. The best
MFBTD devices display a Jc of 2.41 mA/cm?* and a FF of 27%,

22396

leading to a PCE of ca. 0.55%. Both SFBTD and MFBTD
devices suffer greatly from low Jsc and FF values. We believe
that significant charge recombination is responsible for the low
current and FF values, as suggested by the large current
increase at negative bias under light in both devices. We also
observed similar behaviors for our previous molecular tetrapod
MO, for which we found that inferior blend morphologies and
low charge mobilities were mainly responsible for the low
device performances.”> We thus employed optical microscopy
to study the morphologies of neat films of SFBTD and
MEBTD as well as those of the corresponding PC¢BM blend
films, and the micrographs are included in Figure 3.

SFBTD thin films either as-cast or thermally annealed at 80
and 150 °C for 15 min all show featureless morphologies, in
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which no visible aggregates or crystallites could be found
(Figure 3A—C). This lack of textures in thermally annealed film
of SFBTD is consistent with the low crystallinity of SFBTD we
found in DSC studies. Therefore, it is not surprising that blend
films containing SFBTD/PC¢,BM (1/4, wt/wt) do not display
crystalline features (Figure 3D) even after annealing at 80 and
150 °C for 15 min (Figure 3E,F, respectively). The lack of pure
donor and acceptor domains caused by poor phase separation is
detrimental to charge transport, resulting in serious charge
recombination as observed in the I-V curves. On the contrary,
MFBTD thin films showed a strong tendency to crystallize.
Clear and sparse needle-like crystallites can be observed in the
as-cast films of MFBTD (Figure 3G). These crystalline features
become more pronounced and form a large amount of needle-
like crystals after thermal annealing at 80 °C for 15 min (Figure
3H). Surprisingly, these crystallites completely disappeared
after thermally annealed at 150 °C for 1S min (Figure 3I),
leading to irregularly shaped large aggregates. Even though
MEBTD neat films show a strong tendency to crystallize, blend
films of MFBTD/PCyBM (1/2, wt/wt) both as-cast and
thermally annealed at 80 and 150 °C for 15 min, respectively,
do not show any phase separation. This lack of phase
separation and crystallization of individual components in the
blend films indicates strong interactions between the donor and
tullerene molecules.

The hole mobilities in neat films and BHJ blend films are
measured by the space-charge limited current (SCLC) method
with the hole-selective device structure: ITO/MoO;/organic
layer/MoQ;/Al (Figure S5).* All neat films and blend films are
optimized by heating at 80 °C for 15 min before testing. Hole
mobility of neat SEBTD film is ca. 2.0 X 107® cm® V7! 57},
which drastically decreases to ca. 5.9 X 107® cm®* V™! s7" in the
blend films of SFBTD/PC4BM (1/4, wt/wt). The neat
MFBTD film displays a better hole mobility of ca. 1.7 X 10~
cm® V7' 7!, which agrees with the observed better crystallinity
of MFBTD. In the blend film of MEBTD/PCy,BM (1/2, wt/
wt), the hole mobility also decreases to ca. 6.2 X 107 cm® V™!
s~ Such low hole mobilities of both SFBTD and MFBTD,
either as neat films or in BHJ, are expected to result in
significant charge recombination and thus low Jsc and FF
values.

The external quantum efficiency (EQE) of optimized devices
employing SFBTD and MFBTD devices are shown in Figure
S6. These devices show broad EQE responses from 300 to 700
nm, which matches well with the corresponding absorption
profiles. The device employing SFBTD gives maximum EQE
values between 27% and 29% from 330 to 600 nm, whereas the
device employing MFBTD gives the maximum EQE values
between 10% and 13% from 340 to 550 nm.

Since the tetrapodal structures are capable of mutual
interlocking to prevent dislodging, we expect high thermal
stability of OSC devices using these molecular tetrapods.
Accelerated aging tests were performed on the optimized
devices employing SFBTD and MFBTD by thermal annealing
at 80 °C inside a N,-filled glovebox and tested at
predetermined time intervals. The aging test results are
summarized in Figure S7 with device performance details
given in Tables S1 and S2. After aging for 120 h, devices
employing SFBTD lost ca. 10% of their original efliciency,
while devices employing MFBTD lost ca. 16%. Aging test of
devices employing SFBTD continued for a total of 384 h, after
which 87% of the original efficiency was maintained.
Interestingly, during the aging tests, Vo values of devices

employing both SFBTD and MFBTD increased initially up to
1.02 and 0.90 V, respectively, and did not change significantly
with time.

Ternary Blend Devices. As we demonstrated previously,
the inferior morphology and low hole mobilities of SO/
fullerene blends could be improved by adding a low band ga
and crystalline poly(3-decylthienylene vinylene) (P3DTV)**~*
polymer (Scheme 3). The addition of P3DTV could

Scheme 3. Structures of PTV Derivatives
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significantly improve device efficiencies by inducing phase
separation in the ternary blends.”> Meanwhile, the addition of
P3DTV, which has a higher-lying HOMO level than that of
SFBTD, can potentially increase the hole mobility by
selectively conducting holes through the more conductive
conjugated polymer. Thus, SFBTD/P3DTV/PCyBM ternary
blends at various weight ratios were used to fabricate the
ternary solar cell devices. P3ADTV (M, = 21.3 kDa, PDI = 2.1)
was synthesized according to the literature procedures™ and
used for the current study. The optimal fabrication conditions
for binary P3DTV/PC4BM devices were found to use a 1:1
weight ratio and a thermal annealing temperature of 80 °C,
yielding a PCE of ca. 0.49%. Previous literature reports have
attributed the poor performance of PTV OPV devices to the
extremely short exciton lifetimes.”"*> Therefore, the weight
ratios of SFBTD/PC4BM and P3DTV/PCyBM were kept
consistent in the ternary blends at 1/4 and 1/1, respectively.
Thermal annealing at 80 °C was found to slightly improve the
ternary device performances. Detailed device parameters
including binary and ternary blends of SFBTD, P3DTV, and
PCBg M at different weight ratios are summarized in Table 2.

Compared with binary blends and ternary blends, several
trends are clearly observed. The V¢ values of ternary devices
fell steeply to the side of P3DTV as the contents of P3DTV
increased. The most representative example is device B (Table
2), in which only S wt % of P3DTV (relative to SFBTD) was
added, resulting in the decrease of V¢ from 0.88 V (device A)
to 0.57 V. Unlike previous ternary examples, in which V¢ was
found to change linearly with composition changes,”*** we find
that the relationship in our ternary blends is far from linearity,
as seen in the plots of Voc vs PADTV contents (Figure S8).
This result is consistent with our recent report for SO/
P3DTV/PC4BM ternary blends, which implies that, in this
ternary system, the polymer serves as the major hole conductor
regardless of its contents, possibly due to the high-lying
HOMO level of the polymer.”> The best performance is
observed in ternary device E that displays a PCE of ca. 1.21%.
Compared with the corresponding binary devices employing
SFBTD and P3DTV alone, there is about 15% and 150%
enhancement, respectively. In order to better understand the
working mechanism of ternary blend and photocurrent
contributions from each of the blend components, EQE
experiments are performed on optimized ternary device E, as
shown in Figure S9. Compared with binary device employing
SFBTD/PC4BM (Figure S6A), the ternary device exhibits
much more pronounced spectral responses between 600 and
750 nm, which can be ascribed from light absorption by
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Table 2. Binary and Ternary Device Performance Data Employing SFBTD and P3DTV*

SEBTD/P3DTV/PCqBM”

A.2.5/0.0/10.0
B. 2.5/0.125/10.0
C.2.5/1.5/11.5
D. 2.5/2.5/12.5
E. 1.5/2.5/8.5

F. 0.5/2.5/4.5

G. 0.0/2.5/2.5°

Voc (V)
0.88 + 0.03 (0.92)
0.57 + 0.00 (0.57)
0.50 + 0.00 (0.50)
0.50 + 0.01 (0.51)
049 + 0.01 (0.50)
047 + 0.00 (0.47)
0.45 + 0.00 (0.4S5)

Jsc (mA/CInz)
3.64 + 0.17 (3.86)
2.50 + 0.25 (2.87)
3.59 + 0.17 (3.76)
3.77 + 027 (4.11)
4.80 + 0.33 (5.37)
433 + 042 (4.96)
222 + 0.14 (2.38)

FF (%)
33 + 1.83 (35)
35 + 0.49 (36)
48 + 047 (48)
53 + 1.50 (55)
52 + 1.61 (54)
50 + 0.62 (50)
49 + 0.84 (50)

PCE (%)
1.05 + 0.06 (1.11)
0.50 + 0.04 (0.56)
0.85 + 0.04 (0.90)
1.01 + 0.05 (1.09)
1.21 + 0.06 (1.30)
1.01 + 0.09 (1.15)
0.49 + 0.03 (0.53)

“Thermal annealing at 80 °C for 15 min. Averages of five individual cells are reported; the highest values are given in parentheses. bWeight ratios.

“Thermally annealed at 80 °C for 10 min.

Table 3. Ternary Device Performance Data Employing PFDTV and PBrDTV as the Second Donor Material®

Voc (V)
SEBTD/PFDTV/PC¢,BM”
H. 2.5/2.5/12.5
L 1.5/2.5/85
J. 0.0/2.5/2.5°
SFBTD/PBrDTV/PCyBM”
K. 2.5/0.125/10.0
L. 2.5/2.5/12.5
M. 1.5/2.5/8.5
N. 0.0/2.5/2.5°

0.69 + 0.00 (0.69)
0.66 + 0.01 (0.66)
0.66 + 0.01 (0.68)

0.83 + 0.02 (0.86)
0.81 + 0.00 (0.81)
0.77 + 0.01 (0.78)
0.77 + 0.01 (0.77)

220 + 0.12 (2.37)
2.06 + 021 (2.41)
0.98 + 0.05 (1.05)

3.37 + 0.21 (3.78)
2.65 + 0.26 (3.01)
2.99 + 0.19 (3.19)
191 + 0.12 (2.12)

Jsc (mA/cm?) FF (%) PCE (%)

39 + 1.54 (41)
42 + 0.78 (43)
49 + 1.53 (50)

0.59 + 0.03 (0.63)
0.56 + 0.06 (0.66)
0.32 + 0.01 (0.33)

31 + 037 (32)
41 + 0.74 (42)
44 + 1.96 (46)
45 + 1.14 (46)

0.87 + 0.05 (0.97)
0.88 + 0.09 (1.01)
1.01 + 0.07 (1.14)
0.65 + 0.04 (0.72)

“Thermal annealing at 80 °C for 15 min. Averages of five individual cells are reported; the highest values are given in parentheses. bWeight ratios.

“As-cast devices.

P3DTV. Despite a low Vi value at ca. 049 V, the
improvement comes from the significantly improved Jsc and
FF values. This indicates that mixing SFBTD and P3DTV can
produce cooperative effects on photocurrent generation by
enhancing charge extraction from both of these materials.
However, this cooperative effect becomes less pronounced as
SFBTD contents increases.

It is clear that, in ternary blends with P3DTV, the low V¢
value, limiting the overall performance enhancement, is caused
by the high-lying HOMO level of P3DTV. We thus started
investigating other conjugated polymers with lower-lying
HOMO levels, which may lead to higher V¢ values in our
ternary blends with SFBTD. Therefore, two in-house made
PTV derivatives are considered: PEDTV (M, = 17.8 kDa, PDI
=2.0) and PBrDTV (M,, = 14.0 kDa, PDI = 2.2), as shown in
Scheme 3.°° They have similar optical band gaps, but lower
HOMO levels than that of P3DTV, which are at ca. —5.2 and
—5.3 eV (from CV measurement), respectively. Device
parameters of ternary blends employing PFDTV and PBrDTV
at various ratios are summarized in Table 3. Due to the HOMO
levels of both PTV polymers that are close to that of SFBTD,
higher Vi values are achieved, which do not experience as
drastic changes as that of the ternary devices employing
P3DTV (Figure S8). FFs of these ternary devices are generally
slightly higher than those of binary devices using SEBTD alone,
but the overall device performances are significantly limited by
low Jgc values. It is likely that either PEDTV or PBrDTV is not
the major hole conducting material in the ternary systems due
to their HOMO levels matching that of SFBTD, leading to
unimproved charge extraction efficiencies. Thus, a judiciously
experimented balance between energy level alignments, charge
mobility, and phase separation is critical in ternary blend OSCs
involving both small molecules and polymers, which is
currently under more thorough investigations.

B CONCLUSIONS

A molecular tetrapod SFBTD containing a tetraphenylsilance
core and four fluorinated benzothiadiazole functionalized arms
has been successfully prepared. UV—vis and CV measurement
finds that the tetrapod has a medium band gap and a low-lying
HOMO energy level. DSC studies showed that SFBTD has a
low degree of crystallinity and slow crystallization kinetics,
owing to its tetrahedral geometry. Solution-processed BHJ
OPVs employing SFBTD/PC4BM without any additives and
interfacial engineering exhibit a PCE of 1.05%, which is limited
by the low hole mobility and unfavorable blend morphologies.
The device performance of SFBTD/PC4BM binary blends
could be slightly improved by adding low band gap PTV
derivatives that can improve hole conduction, leading to a slight
increase in device efficiencies. Our findings will benefit future
studies on such molecular tetrapods and their applications in
multicomponent OPVs by providing detailed structure—
property relationships. Although we have shown high device
stability using these molecular tetrapods, it is critical to increase
the crystallization rates of these 3-D molecules and fully
understand how they interact with fullerene acceptors within
the blend films in order to induce proper phase separation in
binary systems. On the other hand, our ternary blend studies
have shown that a suitable third component with appropriate
energy alignment and crystallinity can generate cooperative
effects, leading to devices that out-perform those employing
each of the binary components alone. We are currently
investigating these aspects in more detail in order to further
understand the structure—property—function relationships in
this class of conjugated molecular tetrapods.

B EXPERIMENTAL SECTION

Materials and General Methods. All solvents and reagents were
purchased from Alfa Aesar or Sigma-Aldrich and used without further
purification unless otherwise noted. 4,7-Dibromo-S-fluorobenzo|[c]-
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[1,2,5]thiadiazole (1), 2—(2—hexyldecyl)thio;)hene (3),” (5-(2-hexyl-
decyl)thiophen-2-yl)trimethylstannane (4),>" and trimethyl(phenyl)-
stannane (11)** were prepared according to literature procedures.
300.13 MHz 'H, 75.48 MHz *C, and 282.37 MHz ’F NMR spectra
were recorded on a Bruker Avance IIT Solution 300 spectrometer. All
solution 'H and '3C NMR spectra were referenced internally to
solvent signals. '’F NMR spectra were referenced externally to C¢Fy (&
= —164.9 ppm). Ultraviolet—visible (UV—vis) absorption spectra were
recorded on a Shimadzu UV-2401 PC spectrometer over a wavelength
range of 240—900 nm. Fluorescence emission spectra were obtained
using a Varian Cary Eclipse fluorimeter. Time-of-flight mass
spectrometry (TOF MS) was performed on a Waters/Micromass
LCT Premier system operating under atmospheric pressure photo-
ionization (APPI") mode. Cyclic voltammetry was performed at 25 °C
on a CH Instrument CHI604xD electrochemical analyzer using a
glassy carbon working electrode, a platinum wire counter electrode,
and a Ag/AgCl reference electrode calibrated using ferrocene redox
couple (4.8 eV below vacuum). Tetrabutylammonium hexafluoro-
phosphate (Bu,NPF,, 0.1 M) was used as the supporting electrolyte
for the measurement. Optical Micrographs were taken on a Carl Zesis
Axio Imager 2 microscope at a 400X magnification. Differential
scanning calorimetry (DSC) measurements were performed on a
Mettler Toledo DSC STAR® system with ca. 10 mg sample and at scan
rates of 10 and 1 °C/min. X-ray diffraction data were collected using a
Rigaku SmartLab diffractometer in Bragg—Brentano mode employing
Cu Ka radiation and a D/tex 1-dimensional detector. A nickel filter
was used to remove the Cu Kf radiation component. Data were
collected over the 26 range 2—40° using a 0.02° step size at a scan rate
of 6.2°/min. Samples were prepared by dissolving SFBTD and
MFBTD in chlorobenzene (10 mg/mL), respectively. The chlor-
obenzene solutions were drop-cast into glass slides and left in a fume
hood to evaporate solvent until they were dry for measurement.
Elemental analysis was performed by ALS Environmental Laboratory
in Tucson, Arizona. Samples were analyzed by a combustion method
through thermal conductivity and infrared detection.

Thin Film Preparation for UV—vis Measurements, Optical
Microscopy, and Mobility Measurements. Neat films of SFBTD
and MFBTD were prepared from chloroform solutions (10 mg/mL)
by spin-coating onto ITO substrates. Though SFBTD and MFBTD
have excellent solubility in chloroform, MEBTD solutions cannot wet
ITO surfaces very well. Thus, neat MFBTD films were prepared by
spin-coating at a slower spin speed of 300 rpm for 30 s, whereas neat
SFBTD films were prepared by spin-coating at 500 rpm for 30 s. The
blend films including binary and ternary blends were all prepared from
chloroform solution (10 mg/mL based on SFBTD or MFBTD) by
spin-coating at 500 rpm for 30 s.

Solar Cell Fabrication and Testing. A conventional structure of
ITO/MoOj; (10 nm)/active layer/Al (100 nm) was adopted for the
solar cells studied. Devices were fabricated according to the following
procedures. SFBTD, PCBM (American Dye Source, Inc.), and PTV
derivatives (ternary blend) at predetermined weight ratios were
dissolved in chloroform (CF) and stirred at room temperature for 3 h
in a nitrogen glovebox (Innovative Technology, model PL-He-2GB,
0, < 0.1 ppm, H,0 < 0.1 ppm). ITO-coated glass substrates (China
Shenzhen Southern Glass Display. Ltd., 8 €/[]) were cleaned by
ultrasonication sequentially in detergent, DI water, acetone, and
isopropyl alcohol, each for 15 min. These ITO-coated glass substrates
were further treated by UV-ozone (PSD Series, Novascan) for 45 min
before being transferred into a nitrogen glovebox (Innovative
Technology, model PL-He-4GB-1800, O, < 0.1 ppm, H,0O < 0.1
ppm) for MoO; deposition. MoO; (10 nm) was deposited using an
Angstrom Engineering Amod deposition system at a base vacuum level
<7 x 107® Torr. The blend solution (10 mg/mL for both binary and
ternary device) was first filtered through a 0.45 ym PTEE filter and
spin-coated on top of the MoOj layer at preset speeds (1000—2000
rpm) for 30 s. Al (100 nm) was finally thermally evaporated through
patterned shadow masks as anodes. Current—voltage (I-V) character-
istics were measured by a Keithley 2400 source-measuring unit under
simulated AM 1.5G irradiation (100 mW/cm?) generated by a Xe arc-
lamp based Newport 67005 150 W solar simulator equipped with an

AM 1.5G filter. The light intensity was calibrated by using a Newport
thermopile detector (model 818P-010-12) equipped with a Newport
1916-C Optical Power Meter. External quantum efficiency (EQE)
values were measured by using a commercial solar cell quantum
efficiency measurement system (Model QEXL, PV Measurements,
Inc, Boulder, CO). The EQE system was calibrated with a Si
photodiode certified by the National Renewable Energy Laboratory
(NREL).

Mobility Measurement. Hole-only devices were fabricated using
the architectures: ITO/MoO;/neat film/MoO;/Al and ITO/MoO;/
blend film/MoO;/Al. Mobilities were extracted by fitting the current
density—voltage curves using the Mott—Gurney relationship (space-
charge limited current).
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